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1. The report compares the physical characteristics and the performance in 
a water column and an experimental channel of brown trout (Salmo trutta L.) 
eggs and the artificial eggs described by Ottaway (l98l). 
2. The main measurable characteristics of natural eggs (after water 
hardening) and of artificial eggs (values in parentheses) were: 
diameter 0.54 cm (0.54 cm), volume 0.8l cm (0.84 cm ), weight 
0.086 g (0.090 g) and density 1.07 g ml-1 (1.066 g ml - 1). There 
was no evidence of changes in these values as egg development 
proceeded. 
3. Before water-hardening, brown trout eggs contained 37% dry matter. 
Water uptake during water-hardening reduced the dry matter content 
to 32%. There were corresponding increases in volume and fresh 
weight and a decrease in density as a result of water-hardening. 
4. The rate of fall of artificial eggs through 125 cm of water increased 
with temperature but the rate of change was low (0.0199 cm s-1 0 C - 1 ) . 
Data for real eggs showed considerable scatter but gave an estimated 
rate of change with temperature similar to that for artificial eggs. 
5. The rate of fall of real eggs at c. 10 C, after water-hardening, 
showed no clear trend with stage of development, but eggs before 
water-hardening fell more slowly than water-hardened eggs, despite 
their greater density and smaller size. 
6. Terminal velocity for artificial eggs at c. 10°C was 8.8 ± 0.12 cm s-1 
and 90% of terminal velocity was achieved after a fall of c. 3.8 cm. 
Very similar values were obtained for real eggs. The experimental 
estimate of terminal velocity for artificial eggs was close to the 
value of 8.84 cm s-1 derived from theoretical considerations. 
7. The patterns of settlement of real and artificial eggs within a 
channel with mean water velocity between 50 and 90 cm s-1 were 
found to be similar, except in the region close to the channel 
tailgate. 
8. Instantaneous rate of settlement of artificial eggs m-1 of channel 
length within each metre of channel length (=y) could be approximately 
related to mean water velocity at 0.6 of depth in that metre of channel 
length (x cm s-1) by the equation y = 19012 x -4.00. 
9. The point along the channel at which any given percentage of eggs 
will have settled can be predicted from the equation log10 y =0.72 log10x1 
+ 0.44 log10 x2 - 1.28 where y = distance (m), x1 = mean water 
velocity at 0.6 of depth (cm s-1) and x2 = percentage of input eggs 
settled. Within the range of mean channel water velocities observed 
(39 to 87 cm s-1) 90% of input eggs will settle within 10 m of the 
point of release. 
10. Mean velocity of egg drift increased with mean water velocity. 
11. Number of bed contacts per unit distance of travel decreased as 
mean water velocity increased and was generally within the range 1.5-2.5 
contacts per metre of travel. 
12. It is concluded that artificial eggs are a satisfactory simulation 
of real salmonid eggs for many experimental purposes. 
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INTRODUCTION 
When salmonid redds are disrupted by spates, the displaced eggs will 
drift downstream. The mean distance of travel, the types of locations in 
which the eggs resettle and the depth of reburial of displaced eggs are 
not known. Investigation of these topics under field conditions presents 
considerable practical problems, though the use of artificial eggs 
(Ottaway, 198l) might help to overcome some of them. 
Attempts to assess the similarities and/or differences in performance 
between real and artificial eggs are essential before artificial eggs can 
validly be used to simulate real eggs. 
The present report first compares the two types of egg in terms of 
their measurable physical characteristics (e.g. dimensions and density). 
The rate at which eggs fall in still water will relate to the rate at 
which they are likely to resettle in flowing water in the field. As the 
rate of fall will be influenced by a number of additional factors 
(e.g. shape and surface texture) which are not easily measured directly, 
the rates of fall of the two types of egg have been compared directly 
under controlled conditions. Finally, comparisons of the pattern of 
settlement of the two types of egg in flowing water in an experimental 
channel have been made. 
Although the work was primarily aimed at testing the value of 
artificial eggs as a simulation of real eggs, several side issues 
more directly concerned with the properties of real eggs and the likely 
distance of drift in natural streams have also been explored. 
APPARATUS & METHODS 
1. Diameter and volume of eggs. 
The diameter of artificial eggs was determined at a known temperature 
by use of a micrometer measuring with an accuracy of + 0.001 inch 
(0.025 mm), a precision of c. ± 0.5%. Thirty eggs were measured. For 
each egg five diameters were measured at random and the mean of the 
five was taken as an estimate of the diameter. 
As natural eggs are flexible, it is not possible to estimate 
diameter by means of a micrometer and a less precise method was used. 
Approximately 20 eggs were placed in a straight line on a grooved and 
graduated metal plate and the length of the row of eggs (c. 10 cm) was 
measured to the nearest 1 mm. This gave an estimate of mean egg diameter 
with a precision of c. ± 1.0%. 
The approximate volume of an egg could then be estimated directly 
by assuming that it was a perfect sphere. The volumes of eggs could also 
be estimated indirectly from the measurements of density. 
2. Density of eggs. 
The density of both real and artificial eggs was determined, at 
known temperatures, by use of a density bottle. This was straightforward 
for artificial eggs. However, density determinations for real eggs 
presented some difficulties because it was necessary to surface dry 
the eggs before introduction to the density bottle and it was not 
possible to achieve strict standardisation of the surface drying. 
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3. Dry matter content of eggs. 
The dry matter content of real eggs at various stages of development 
was determined by drying the eggs to constant weight at 105ºC on pre-
weighed dishes of aluminium foil. 
4. Rate of fall of eggs through water. 
The rate at which eggs fall through water was examined in a laboratory 
water column which consisted of a vertical perspex column 158 cm high with 
an internal diameter of 14.6 cm. The column was filled with water and 
marked at the water surface (=0) and at depths of 10, 25, 50, 75, 100 and 
125 cm below the surface. Eggs were released, one at a time, at the water 
surface and timed from rest at the surface to a known depth, usually 125 cm. 
In each experiment a total of 30 eggs Was timed. The temperature of the 
water was determined at the start and close of each experimental run and 
care was taken to avoid thermal gradients within the column. 
FACTORS LIKELY TO INFLUENCE THE RATE OF FALL OF EGGS THROUGH WATER. 
1. The density of water. 
The rate of fall of eggs will be inversely related to the density of 
water, i.e. the higher the density the lower the velocity of fall. The 
relationship between water density and temperature is represented by 
-1 
an asymmetrical, dome-shaped curve with a maximum density of 1.0 g ml-1 
at about 4°C and lower densities of 0.9998 and 0.9982 at 0°C and 20°C 
respectively (Figure 1A). The variation in density over the 0-20 C range 




2. The viscosity of water. 
Over the range 0-20 C the viscosity of water reduces from 0.0179 cm 
s-1 to 0.0100 cm2 s-1. The relationship is curvilinear (Figure 1B). 
The rate of fall of eggs will tend to increase as viscosity decreases. 
Within the 0-20 C range the change in viscosity is large (lowest value 
is 56% of the highest value). 
3. The weight, volume and density of the egg. 
The weight of an artificial egg, or of a real egg at any given 
stage of development, is not dependent upon temperature. However, the 
diameter or volume of the egg, hence its density, will be temperature 
dependent and the exact nature of the relationship with temperature will 
be determined by the properties of the egg material. In general, rising 
temperatures will lead to increased volume and reduced density. The rate 
of fall will tend to decrease as egg density decreases. 
4. The shape and surface texture. 
The rate at which an object falls through water will be influenced 
by its shape and surface texture. As a first approximation, both 
artificial and real eggs can be regarded as smooth-surfaced and perfectly 
spherical. In practice this may not quite be true and the exact shape and 
surface texture are difficult to measure in quantitative terms. 
5. General comments. 
It is clear that the factors influencing the rate of fall of eggs 
are of two main types. First, those factors which are temperature related, 
mainly the density and viscosity of the water and the density of the egg. 
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The relationships between each of these and water temperature are very 
different and will to some extent cancel one another out. Second, 
there are a number of factors (chiefly the shape, surface texture 
and deformability of the egg) which are difficult to define or measure 
and which may or may not be temperature-dependent. 
In the following account some effort has been made to measure or 
to describe each of these factors separately but the only, realistic 
way of quantifying their combined effects is by measurement of the 
actual rate of fall of eggs at known temperatures. Hence, the water 
column experiments. 
ARTIFICIAL EGGS 
1. General description. 
These eggs were described by Ottaway (l98l) as moulded spheres of 
"Grilon BT 40" (a variant of "nylon 6") of 5 mm diameter and specific 
gravity 1.07 (temperature not stated). Therefore each egg should have 
a volume of 0.0654 ml and a weight of 0.07003 g. 
2. Weight, density and volume. 
Estimates of the mean weight, volume, density and diameter of an 
artificial egg are shown in Table 1. Two points arise from the results. 
First, temperature has a very small effect on the volume and density of 
the eggs. This implies that the coefficient of expansion of the "Grilon 
BT 40" is small. A change in temperature from 4 to 20ºC causes an 
increase in volume of c. 0.5% and a similar decrease in density. 
TABLE 1. Estimates of mean weight, volume, density and diameter of an artificial egg at two temperatures. Based 
on four batches, each of 50 eggs, at each temperature. These estimates are based on measurements by 
Dr. J. Hilton. 
Second, the artificial eggs have a larger diameter (by c. 9%) and 
volume (by c. 29%) but a similar density to the general specification 
given by Ottaway. They are about 30% heavier than specified. 
The diameters derived from the density determinations (Table l) 
can be compared with direct measurements made with a micrometer. The 
best available estimates of diameter from the density determinations are 
0.5450 cm at 20ºC and 0.5440 cm at 4ºC and these results suggest that 
'Nylon 6' has a very low coefficient of expansion. Direct measurement 
within the temperature range 16.4 to 16.8 C gave a mean diameter of 
0.5413 ± 0.0092 mm (95% C.L.) 
3. Shape, surface texture and other relevant characteristics. 
The artificial eggs are approximately spherical and have the relatively 
smooth texture normally associated with nylon. However, they are a 
moulded product and, consequently, a very slight ridge is apparent in 
the region where the two halves of the mould met. Direct measurements 
of five diameters (chosen at random) on each of 30 eggs were made. 
A simple analysis of variance showed that between different diameters 
variance within eggs (F = 2.4755, P<0.05) was as important as the 
variance in mean diameter between individual eggs (F = 1.604l, P< O.05). 
One of the most obvious consequences which can be attributed to the ridge 
on the eggs is the tendency for some of them to follow a slightly spiral 
track as they descend through water (see below). 
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A very small proportion of the eggs (probably less than 0.1%) 
were found to float in water or else to fall through water abnormally 
slowly. It was assumed that this reflected the inclusion of gas bubbles 
within the eggs during manufacture. All such eggs which were detected 
were discarded from samples used in water column experiments and channel 
experiments. 
4. Performance in water column experiments 
a. Effect of water temperature. 
The time taken for artificial eggs to descend to a depth of 
125 cm, starting from rest at the water surface, was determined on 
nine occasions at temperatures between 2.55 and 20.0 C. The results 
are summarised in Table 2A. The means suggest that the rate of 
descent increased as temperature rose. A linear regression based on 
the 270 individual data points has the equation 
U = 0.0199T + 8.4115 (r = 0.4192, P<0.001) and the 95% C.L. of 
the gradient and intercept were ± 0.0053 and ± 0.0666 respectively, 
where 0 is the mean velocity (cm s-1) and T is temperature ( C). 
The implication of this is that rate of descent is inversely related 
to temperature but that the effect of temperature is to modify mean 
velocity by only about 0.02 cm s-1 ºC-1. This is small compared with 
the errors in timing the descent (at least ± 0.1 s) and suggests 
that it is not necessary to strive for very precise temperature control 
during these experiments. 
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TABLE 2. Time taken and mean velocity at various temperatures for artificial 
eggs (A) and for real eggs at 38.5% development to median hatch (B) 
to fall through 125 cm of water when starting from rest at the 
water surface. 
b. Terminal velocity. 
When eggs start from rest at the water surface, there will be 
an initial period during which they accelerate. When terminal 
velocity is attained, acceleration will cease and the velocity will 
become constant. Starting from rest at the water surface, thirty 
eggs were timed to each of six depths (10, 25, 50, 75, 100 and 125 cm). 
The results . (Table 3) show an increase in mean velocity with increasing 
depth. When mean time (t s) taken to reach each depth is plotted 
against depth (D cm) (Figure 2A) a straight line results. A linear 
regression of t upon D based on the original 180 data points has 
the equation 
t = bD + a, where b = O.1136 ± 0.0016 and a = 0.2736 ± 0.0879 
(r = 0.9977, P < 0.001). The following points arise: 
i. As the data are very well described by a straight line at 
depths >10 cm, it is probable that terminal velocity is approximated 
before the eggs have fallen 10 cm. 
ii. Terminal velocity can be estimated as 1/b, i.e. 8.8 ± 0.12 cm s-1. 
iii. The intercept (a) is small, but its 95% C.L. do not encompass 
zero. 
iv. Acceleration might be expected to decrease as velocity increases, 
and one possible model for the relationship would be an asymptotic 
curve. For the present data, such a curve should satisfy the following 
conditions: 
1. Umax (i.e. terminal velocity) = 8.8 cm s-1 
2. When depth (D) = 0, velocity (U) = 0. 
3. Mean velocity (0) over the depth range 0 to 10 cm should be 
-1 
c. 7.25 cm s-1 (Table 3). 
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TABLE 3. Mean times taken for artificial eggs and brown trout eggs at 38.5% of development to median hatch to fall 
from the water surface to various depths when released from rest at the water surface. The corresponding 
mean velocities ± 95% C.L. (n = 30) are shown. The experiment on artificial eggs was performed at 9.95 - 10.1ºC 
(mean = 10.02°C) and that on trout eggs at 10.01 - 10.55ºC (mean = 10.25ºC). 
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An iterative process was used to show that a curve of the 
form U = 8.8 (1 - e-0.59 D) meets these conditions (Figure 3). 
At D = 4 cm, U is 90% of Umax, and at D = 7 cm, U is almost 98% 
max 
of Umax. It should be noted that this model is purely empirical. max 
c. Theoretical considerations. 
Dr. R.J. Cameron (W.R.C) has kindly calculated theoretical 
relationships between time, velocity and distance for the first second 
following release at the water surface. The results (Table 4) assume 
a density of 1.07 at 0ºC, a diameter of 0.5 cm and that the artificial 
eggs are perfect spheres. As indicated above, the eggs are not 
perfect spheres, their diameter is 0.54 - 0.55 cm and their density 
is approximately 1.06 - 1.07 between 4 and 20ºC. 
In terms of mean velocity over 125 cm of fall, the experimental 
data suggest values of 8.61 and 8.8l cm s-1 at 10 and 20ºC respectively 
whereas the theoretical values derived from Table 4 are 8.79 and 
8.40 respectively. Thus the experimental values suggest that mean 
velocity increases as temperature rises at a rate of c. 0.02 cm s-1 
ºC-1, whilst the theoretical values suggest that mean velocity 
decreases as temperature rises (rate = -0.04 cm s-1 o C - 1 ) . 
The data for 10ºC in Table 4 can also be used to estimate 
the time taken for artificial eggs to reach depths of 10, 25, 50, 
75, 100 and 125 cm for comparison with the observed values (See 
Figure 2). The theoretical data suggest that terminal velocity 
is 8.84 cm s-1 and is achieved after a fall of 5.5 - 6.0 cm and 
this can be compared with the conclusions from the observed data 
which indicate that a terminal velocity of 8.8 ± 0.12 cm s-1 is 

TABLE 4. Predicted relationships between time, velocity and distance at two 
temperatures for artificial eggs made of "nylon 6", which are 
perfect spheres with a density of 1.07 at 0ºC and a diameter of 
0.5 cm (see original description by Ottaway, 1981). 
achieved in <10 cm of fall. There is, therefore, good general 
agreement between the observed and expected results and the suggestion 
that the eggs in the column experiments achieved a slightly lower 
terminal velocity" and took longer to achieve it than was predicted 
by theory is consistent with the fact that the artificial eggs are 
of less perfect shape and larger diameter than were assumed in 
theory. 
An asymptotic curve has been fitted to the theoretical data. 
The best fit is the curve U = 8.84 (1 - e -2.25 D) and this has been 
compared with the curve based on the experimental data (Figure 3A). 
EGGS OF BROWN TROUT 
1. General description. 
After deposition and fertilisation, salmonid eggs absorb water in 
a process known as "water-hardening". As the embryo develops, some of 
the yolk is utilised in metabolism, some in production of embryonic 
tissue and a residue is left in the yolk sac of the alevin. It is, 
therefore, possible that some changes in the density, water content, 
shape and volume of the egg will occur during the course of development. 
This has been examined, as far as the circumstances and available 
equipment permitted. 
It was important to define stage of development in some manner 
related to the development of the egg rather than simply as age in days. 
For this purpose, observed incubation temperatures were used, in conjunction 
with an equation given by Crisp (1981) to estimate the percentage of 
completed development towards median hatching date. 
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The eggs used were taken from 4 female brown trout of 30.5 - 39.6 cm 
length and were fertilised with milt from 3 males. All the fish were 
from Cow Green reservoir. 
2. Weight, density, volume and dry matter content. 
The various measurements are summarized in Table 5 and the following 
points arise: 
a. The eggs defined as at 0% development to median hatch date were 
not water-hardened but the other batches were. Water-hardening 
increased diameter from 0.50 to 0.55 cm, reduced density from c. 
1.09 to c. 1.07 and reduced dry matter content (through water uptake) 
from 37.4% to c. 32.0%. 
b. After water-hardening, despite the conversion of yolk by the embryos, 
no change in volume, density or water content was detectable by 
the methods used. Such variation between batches as was observed 
is likely to reflect the fact that a mixture of eggs from several 
different females was used. 
c. Water-hardened eggs at all stages of development had diameters very 
close to those of artificial eggs, but higher weights and volumes 
and a rather lower density. In general, however, the artificial 
eggs appear to be a good simulation of water-hardened brown trout 
eggs. 
3. Shape and surface texture. 
Eggs which have not been water-hardened appear to be somewhat ovoid 
and sometimes slightly dimpled. They are unlikely to be perfectly 
spherical. After water-hardening the eggs appear to be spherical 
though, in contrast to artificial eggs, they are readily deformable. 
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TABLE 5. Summary of information on the physical characteristics of brown trout eggs at various stages of development. 
Mean values of four determinations at each of two temperatures for artificial eggs (from Table 1) are given 
for comparison. Diameter I and Fresh Weight I are based on direct measurements and Diameter II, Fresh Weight II 
and Volume are derived from density determinations. 
No visible changes in surface texture occur during the course of 
development. Nikolski (1963) indicated that the strength of the 
salmonid egg membrane increases markedly after fertilization and then 
reduces just before hatching. There is a possibility that these changes 
in the strength of the membrane may be accompanied by changes in its 
surface properties but this could not be examined in the present investigation. 
4. Performance in water column experiments. 
a. Effect of water temperature. 
The time taken to fall 125 cm was estimated at four temperatures 
for eggs at 38.5% of development to median hatching date. Details 
of the temperatures and the mean times and velocities are given in 
Table 2. Despite considerable scatter of data points (Figure 4) 
there was a significant positive correlation. The calculated 
regression line indicates that velocity increased with rising 
temperature at a rate of 0.022 ± 0.0130 cm s-1 o C-1 and this value 
is similar to that for artificial eggs'. 
b. Effect of stage of development. 
Mean velocities over a 125 cm fall, starting from rest at the 
water surface, for eggs at various percentages of development to 
median hatching date, at 10ºC, are summarised in Figure 5. Results 
are shown for experiments in 1982-3 and 1983-4. In both series of 
experiments, eggs before water-hardening fell more slowly than water-
hardened eggs. This probably reflects the rather irregular shape 
of eggs before water hardening. Both data sets suggest that there 
may be some reduction in mean velocity as egg development proceeds, 
though the trend is not clear-cut. The final data point in the 
1982-3 series was obtained from eggs which were very close to hatching 




Comparison between the two sets of data points gives some indication 
of the amount of variation between egg batches which might be expected. 
c. Terminal velocity. 
The results used to estimate terminal velocity for trout eggs 
at 38.5% of development to median hatching date at c. 10ºC are given 
in Table 3 and are summarised in Figure 2B and Figure 3B. Estimated 
terminal velocity was 8.9 ± 0.11 cm s-1. Terminal velocity was 
achieved in about 5 cm of fall and 90% of terminal velocity was 
achieved in c. 2 cm. The results, therefore, suggest that terminal 
velocity was similar to that of artificial eggs, but may have been 
attained slightly more rapidly. 
COMPARISON OF BROWN TROUT EGGS AND ARTIFICIAL EGGS 
Comparisons between the two types of egg with regard to their 
measurable physical characteristics have been made in the previous text. 
In Table 6 some of the main results are brought together in simplified 
(averaged) form. 
The artificial eggs are appreciably larger in volume and weight 
(by c. 30%) and of slightly lower density than the values specified by 
Ottaway (1981). However, the results in Table 6 show that they were a 
good approximation (within ± 5%) to the trout eggs in terms of weight, 
volume and density. This suggests that, in these respects, they are 
a good general simulation of real salmonid eggs, especially if it is 
borne in mind that there will be some variation in these physical 
characteristics between species, between eggs from different individuals 
within a species and between eggs within a batch. 
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TABLE 6. Summary of information on brown trout eggs and artificial eggs. The weights, diameters, volumes and densities 
for brown trout eggs are for water-hardened eggs and are the means of 5 measurements at c. 10ºC at 5 stages of 
development. The comparable values for artificial eggs are means of 4 measurements at 4ºC and 4 measurements at 
20°C. 
There is no detectable difference between real and artificial eggs 
in terms of rate of fall through water or terminal velocity, at least 
within the limitations of the methods used in the present work. 
CHANNEL EXPERIMENTS 
1. Comparison of real and artificial eggs. 
During the winters of 1981-2 and 1982-3, brown trout eggs at various 
stages of development were passed down the Grassholme channels at high 
water velocities. Eggs were released close to the water surface in 
the mid-line of the channel 0.5-0.7 m downstream of the grid and a 
proportion of them were collected in a net fixed across the channel 
9.25 m downstream of the grid. A large proportion of the eggs settled 
within the channel bed before reaching the net. Full details of the 
channel layout and the experimental procedure are given by Crisp & 
Cubby ( 1984, unpublished report). 
On 10 January, 1983 after the release of 647 eyed eggs, the 
procedure was repeated with 1,000 artificial eggs. The water supply 
to the channel was then turned off and the numbers of real and artificial 
eggs settled within each metre of channel length was estimated by means 
of shovel samples (Macan, 1958). Two points arise from the results: 
i. Substantial numbers of eggs of both types settled immediately 
in front of and beneath the net and in the portion of channel between 
the net and the channel tailgate. This demonstrates the large effect 
of obstructions, such as nets, in increasing the rate of settlement. 
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ii. The distribution of settled eggs of the two types within the 
channels were similar, except for close to the channel tailgate 
where real eggs settled more readily than artificial eggs. Over 
the remainder of the channel the instantaneous rate of settlement 
m of channel length was very similar for the two types of egg 
(Figure 6). Had the settlement rates of the two types been 
identical, then linear regressions relating their settlement rates 
would have gradient = 1.0, intercept = 0. Summaries of the 
calculated regressions (Table 7) show that this ideal is approximated 
by the data. In terms of their settling behaviour within the 
channels, the artificial eggs are, therefore, a reasonable simulation 
of real eggs. 
2. Pattern of settlement of artificial eggs, relative to water velocity. 
On 23 & 24 August, 1983, four combinations of channel discharge and 
tailgate setting were used to achieve four different channel water velocities, 
whilst maintaining the mean water depth in the channel as close as was 
possible to 12.5 cm. These regimes are summarised in Table 8. Within 
each regime there was appreciable variation in water depth and considerable 
variation in water velocity along the length of the channel. There was 
no net within the channel. 
Within each regime 200 artificial eggs were released, one at a time, 
close to the water surface at a point in mid-channel and 0.67 m downstream 
of the grid. For each egg which settled between 0 and 10 m downstream 
of the release point, the point of final settlement was noted and its 
distance from the point of release was measured. 
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TABLE 7. Summary of calculated linear regressions relating instantaneous 
rates of settlement m-1 for real eggs (x) and artificial eggs (y). 
The second regression (n = 10) includes the data point for the 
region close to the tailgate and the first regression (n = 9) 
excludes this point. 
TABLE 8. Summary of water depth and water velocity at 0.6 of depth within the channel during each of the four 
experimental combinations of discharge and tailgate setting. 
The data were processed by two methods: 
i. The number of eggs settling within each metre length of channel 
was expressed as instantaneous rate of settlement cm-1, thus taking 
account of the fact that the number of eggs available to settle 
reduced with distance downstream of the release point. Bach 
instantaneous rate (=y) was then related to mean velocity (= x cm 
-1 
s-1) in the appropriate metre of channel length (Fig. 7). The data 
show that rate of settlement decreased with water velocity in a 
curvilinear manner. 
The power law relationship: 
y = 19012 x-4.00 Equation 1. 
can be used to describe the relationship but accounts for only 56% 
of the variance of y after log10 transformation and is a visually 
poor fit to the data points at low water velocities. 
This does, however, provide a method of directly relating rate of 
settlement and water velocity within individual metre lengths of channel 
under all four experimental regimes. 
ii. The point within the channel at which any given percentage of the input 
eggs had already settled can be determined relatively precisely. A 
multiple regression of distance along the channel (y m) upon mean water 
velocity in the channel (x1cm s-1) and percentage of input eggs settled 
(x2%) has the equation: 
log10 y = b1 log10 x1 + b2 log10 x2 + a Equation 2. (when 
the values of b1, b2 and a ± 95% C.L. are 0.7196 ± 0.0151, 0.4410 ± 
0.00523, -1.2825 ± 0.0299 respectively). The correlation is highly 
significant (P < 0.00l). It accounts for 89% of the variance of log10 y, 
whilst log10 x1 and log10 x2 are not significantly correlated (r = -O.35, 
p > 0.10). 
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Observed and predicted values are given in Table 9 for five 
different percentage settlement levels. There is good agreement between 
the observed values and the values predicted from equation 2 (= "Predicted 
1" in Table 9) over the whole range of velocities and percentages. 
It is also possible to estimate the point at which a given percentage 
of the eggs will have settled from instantaneous rates of settlement 
predicted by Equation 1, though this assumes that the calculated water 
velocity in the channel is uniform throughout the channel length and is 
equal to the observed mean channel water velocity. The predictions 
(= "Predicted 2" in Table 9) show poor agreement with the observed 
values at low channel water velocities (< 68 cm s-1) and for low 
percentages (< 50%). 
The results show that within the range of flow regimes used in the 
experiment, 90% of the eggs settled within 10 m of the point of release. 
In natural spates velocities of more than 100 cm s-1 may occur in some 
sections of stream. The relationships obtained in the channel experiment 
suggest that, even at a velocity of 150 cm s-1, 90% of the eggs will settle 
within 20 m of the point of release. However, the validity of this 
extrapolation cannot be tested in the Grassholme channels. 
3. Velocity of travel and number of bed contacts by artificial eggs, 
relative to water velocity. 
Within each of the flow regimes described in the previous section, 
thirty artificial eggs were timed from the moment of release to the 
moment of final settlement and for a further thirty eggs the number of 
bed contacts between the point of release and the point of final 
settlement was counted. 
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TABLE 9. Distance (y)(m) downstream of release point at which a given 
percentage of released eggs will have settled, relative to mean 
channel water velocity. "Predicted 1" values are based on the 
multiple regression log10 y = 0.7196 log10 x1 + 0.4410 log10 
x2 - 1.2825 (Equation 2). "Prediction 2" is based on the power 
law relationship between water velocity and instantaneous rate of 
settlement (Fig. 7) (Equation 1). 
Three types of bed contact could be distinguished: 
a. An egg strikes the gravel and immediately bounces off again. The 
duration of contact with the bed is too small to measure easily. 
Such contacts have been described as "bounces". 
b. An egg settles on or in the gravel for a brief period (less than 
3 seconds) and then becomes entrained again by the water. Such 
contacts have been described as "temporary settlement". 
c. An egg comes to rest on or in the bed material for an appreciable 
period of time (more than 3 seconds) and has been assumed to be 
unlikely to move again unless the bed material is disturbed or the 
water flow within the channel is modified. Such contacts have been 
described as "final settlement". 
In determining the mean velocity of travel of each egg, the time 
spent in any "temporary settlement" has been deducted from the time 
taken between release and final settlement. Previous trials at mean 
channel water velocities of 42.8 - 71.1 cm s-1 had shown that approximately 
30% of eggs underwent one or two temporary settlements but no relationship 
between channel water velocity and the incidence of temporary settlement 
could be discerned. A plot of mean velocity of egg travel against mean 
channel water velocity (Figure 8A) showed that mean egg velocity increased 
with mean channel velocity. 
The calculated linear regression has a positive intercept (8.00 ± 
6.28, 95% C.L.) and a gradient of less than 1.0 (0.49 ± 0.097). 
Consequently, the egg velocity was a higher percentage of water velocity 
at lower water velocities (69% at a water velocity of 40 cm s-1) than 
at higher water velocities (59% at a water velocity of 80 cm s - 1). 
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Analysis of the mean velocity of each egg and its distance of travel, 
within each water velocity regime revealed no obvious trends. 
It could be argued that the difference between egg velocity and water 
velocity will largely reflect the number of bed contacts made by the egg. 
Egg velocity, as a percentage of water velocity decreases with increasing 
mean channel velocity, therefore more frequent contact with the bed would 
be expected at high than at low water velocities. In fact, a plot of the 
data points and the calculated regression (Fig. 8B) show that the number of 
bounces m-1 of travel decreased with increasing water velocity. Frequency of 
bed contact alone is not, therefore, an adequate explanation of the observations. 
One possible explanation would be an increase in the average duration of each 
bed contact, but this was not measured during the present study. 
DISCUSSION 
Comparisons between artificial eggs and the eggs of Teesdale brown 
trout have been made throughout the text and will not be repeated here. 
In terms of most readily-measured physical characteristics and of their 
performance in water column and channel experiments, artificial eggs and 
water-hardened brown trout eggs are very similar. It is, therefore, 
reasonable to use artificial eggs to simulate water-hardened salmonid 
eggs for some experimental purposes. It is important to note, however, 
that the process of water-hardening involves water uptake by the egg 
and this results in increased volume and fresh weight, reduced density 
and modified shape. Therefore, artificial eggs are likely to be a less 
satisfactory similation of natural eggs during the period (several hours) 
between deposition and the completion of water-hardening. 
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Bonham (1976) measured the density of eggs of chinook (Oncorhynchus 
tshawytscha) and Coho (O.kisutch) salmon and rainbow trout (Salmo gairdneri) 
before and after water-hardening and did not mention any interspecific 
differences. The densities of the eggs before and after water-hardening 
were 1.076 ± 0.0554 (95% C.L.) and 1.064 ± 0.033 respectively. The 
comparable estimates for Teesdale brown trout were rather higher at 
1.089 and 1.0695 respectively. The latter value is in good agreement 
with an estimate of 1.069 ± 0.038 by Ottaway (1981). Ottaway estimated 
the diameter of water-hardened eggs as 0.45 ± 0.005 cm whilst the 
present work gave estimates of 0.50 cm and 0.54 cm for eggs before 
and after water-hardening respectively. These differences in estimated 
diameter of water-hardened eggs reflect intraspecific differences. 
Within the species Salmo trutta there is evidence of substantial 
variation in mean egg weight and that mean egg weight is correlated 
with the size of the female fish. Elliott (1984) found that in Wilfin 
Beck, brown trout of 17.5 to 30 cm length produced eggs of 18 to 27 mg, 
whilst in Black Brows Beck, sea trout of 25 to 50 cm length produced eggs 
of 100-150 mg. Crisp, Mann & Cubby (unpubl.) examined brown trout 
of 12.5 to 44 cm length at Cow Green and found that egg weights before 
water-hardening varied from 30 to 140 mg (c. 33 to 155 mg after water-
hardening) and were correlated with fish size. Interspecific variation 
in egg weight may be even larger. Jensen & Alderdice (1983) quote a 
mean egg weight of 280 mg for coho salmon. It is most likely that this 
variation in egg weight will be reflected more as variation in egg 
volume than as variation in egg density. Such intra- and interspecific 
variation in egg size will be reflected in the drifting and settling 
behaviour of the eggs and it is, therefore, likely that the artificial 
eggs will be a less satisfactory simulation of the eggs of salmon and 
large trout than they are of the eggs of smaller trout. 
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The channel experiments show that, at water velocities of 38-87 m s-1, 
90% of displaced eggs settled within 10 m of the point of release and 
that distance of travel was related to water velocity. Extrapolation 
suggests that, even at water velocities of 100-150 m s-1, 90% of eggs 
will settle within 20 m of the point of release. 
In natural streams the distance of travel of suspended eggs is 
likely to depend on the water velocity (which will show appreciable 
spatial variation but may be locally within the range 100-150 cm s-1 
during spates), upon the roughness of the bed and banks and upon the 
degree of compaction of the bed. Bank and bed roughness the 
sinuosity of the channel, and the resultant turbulence, eddies and areas 
of "dead water" will tend to reduce the mean distance of travel, as 
compared with that observed in the experimental channels. 
The possibility of developing studies on the distance of egg drift 
within natural streams is superficially attractive. Artificial eggs could 
be released at several different distances upstream of some form of 
egg recovery apparatus during a variety of known stream discharges. 
If the eggs were colour-coded according to the distance upstream at 
which they were released, then good data on distance of travel would be 
obtained. In practice, however, there are two major difficulties: 
1. Recovery of the drifting eggs by means of a pump sampler would 
be possible, but only a small proportion of eggs passing the sampling 
point would be recovered and the number so recovered would probably 
be too small, especially during spates, to be useful. All or most 
of the eggs passing the sampling point might, in theory, be 
recovered by means of some form of net occupying the whole cross-
section of the stream. However, the use of such nets within the 
Grassholme channels has demonstrated that, as they interfere with 
the pattern of water flow, such nets are not likely to give 
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meaningful results. The use of some form of trap to recover the 
eggs might be a solution to the problem but would require careful 
choice of site and some in-stream engineering. 
2. Most natural streams show considerable spatial variation in water 
velocity and this lack of uniformity could lead to difficulties 
in interpretating the results. Casual observations on artificial 
eggs in natural streams during non-spate conditions suggest that 
most of the eggs settle out in small areas of eddy or slack water 
within a few metres of the point of release. 
During the course of drifting along 10 m of channel, the average 
number of bed contacts by each egg is related to water velocity 
(Figure 8) but is generally 15-25. This number of bed contacts, many 
of them apparently rather slight, seems small. Nevertheless, it is 
sufficient to cause substantial mortality at certain stages of 
development (Crisp & Cubby, 1984, unpublished). 
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